Relativistic conguration interaction calculations with the inclusion of the Breit interaction, quantum electrodynamics and nite nuclear mass corrections have been carried out in the extended optimal level scheme using multi-conguration DiracFock wave functions on the wavelengths, electric dipole transition rates and oscillator strengths of chlorine. Through the use of the active space method, the calculated values are compared with the other available data on He-like and Be-like chlorine and are found to be in very good agreement with them. In this paper we give accurate transition properties from Cl(VIII) through Cl(XVI). These data provide reference value for level lifetime, charge state distribution and average charge of chlorine plasma.
Introduction
Chlorine is a trace element in astrophysical and atmospheric plasmas, and can occur in some laboratory plasmas and industrial processes such as polysilicon etching in Cl plasmas. Both from the plasma modeling point of view and from spectroscopic diagnostics it can be important to know the radiative properties of atomic and ionic Cl.
In 2002, Berrington and Nakazaki [1] reported a comprehensive study of radiative data for neutral chlorine and its ions. They clearly demonstrated the importance and need for further studies on these ions as there are either very few or virtually no data available for ions of Cl. The R-matrix approach employed by Berrington and Nakazaki is perhaps the only reported detailed study on ions of Cl. Later, new theoretical and experimental results for Cl(I) have been reported by Deb et al. [2] , Singh et al. [3] , Oliver and Hibbert [4, 5] , and Bridges and Wiese [6] . To supply more data for Cl ions, Tayal presented the oscillator strengths for Cl(II) [7] . Transition probabilities for Cl(III) were done by Schectman et al. and Mossah [8, 9] . Energy levels for Cl(IV) were presented by Abou el-Maaref et al. [10] . Choudhury et al. calculated transitions for Cl(V) [11] . Energy levels for Cl(VI) were reported by Neerja et al. [12] . Theoretical lifetimes and wavelengths for Cl(X) congurations were from Bogdanovich et al. [13, 14] . Very recently, energy levels and radiative rates for Cl(XVI) were displayed by Aggarwal and Keenan [15] .
Although accurate transition data in highly ionized chlorine is important in a variety of scientic applications, systematic calculations on the K α X-ray spectra of chlorine are still fragmentary, especially from B-like to Ne-like. The features of chlorine K-lines have been inves-* corresponding author; e-mail: hufengscu@139.com tigated to develop X-ray probes for Compton scattering on warm dense plasmas [16] . So it is essential to study the properties of these lines in detail, so our investigation is motivated by the need for accurate transition data in a variety of scientic applications.
In this paper, we display and discuss the results of our calculations of transition wavelengths, absorption oscillator strengths, transition probability and line strengths of chlorine atoms from Cl(VIII) through Cl(XVI) in the framework of relativistic conguration interaction formalism by using MCDF wave functions. The conguration interaction calculations include the Breit interaction, quantum electrodynamics (QED) and nuclear mass corrections. A substantial amount of relaxations of atomic orbitals have been included in this work. In this paper, the GRASPVU package (a general purpose relativistic atomic structure package) was used. It is a modied and parallel version of the Grasp92 package [1720].
Method of calculation
The extended optimal level (EOL) version of the multi--conguration DiracFock (MCDF) method is used to calculate the transitions. The theoretical basis of our present computational approach has been widely discussed elsewhere [1721] . Hence we only repeat the essential features here.
The GRASPVU package is based on MCDF method. In MCDF method the atom is represented by atomic state functions (ASF), which are a linear combination of conguration state functions (CSF)
where the CSF Φ(αJ) are antisymmetrized linear combinations of relativistic orbital products of the form
Here κ is the relativistic angular momentum, P nκ (r) and Q nκ (r) are the large and small component radial wave functions and χ κm (r) is the spinor spherical harmonic in the lsj coupling scheme. The CSF are constructed from one-electron orbitals, according to the well-known rules of symmetry. The goal is a systematic approach, where all important contributions are included. This allows for monitoring the convergence of dierent properties and plausible estimates of uncertainties. The foundation of the method is an active set of orbitals, which is used to generate all possible CSF. The size, and thereby the accuracy, of a certain approach is therefore dened by the size of the active set of orbitals. It is thus straightforward to dene a systematic approach, by just increasing the orbital set in a systematic fashion. The DiracCoulomb Hamiltonian can be written aŝ
All the dominant interactions in an N -electron atom or ion are included in the DiracCoulomb Hamiltonian. In Eq. (3), the rst term is the one-body contribution for an electron due to the kinetic energy and interaction with the nucleus. The two-body Coulomb interaction between the electrons comprises the second term. Higher order modications to Eq. (3) due to the transverse electromagnetic interaction and the radiative corrections are treated via perturbation theory.
This work was performed using an expansion of conguration interaction based on MCDF method. To build a CSF expansion, the restrictive active space methods were used. The idea of the active space methods is to consider only electrons from the active set and to excite them from the occupied orbitals to unoccupied ones. The orbital was increased systematically in order to monitor the convergence of the calculation. Since the orbitals with the same principal quantum number n often have similar energies, the active set is usually enlarged in steps of orbital layers. It is convenient to refer to the {1s, 2s, 2p, 3s, 3p, 3d} set of orbitals as the n = 3 orbital layer, {1s, 2s, 2p, . . . 4s, 4p, 4d, 4f } as n = 4, etc. Larger orbital sets can result in a considerable increase of computational time required for the problem, and appropriate restrictions may be necessary. Based on above calculation method, we considered the active space consisting of all the orbitals in the set with principal quantum number n = 1−7 and l = s to g were included with n = 8. All electrons were treated as reference congurations throughout the present calculations.
Succeeding the generation of the CSF sets, we perform angular integrations for the matrix elements of the many-electron DiracCoulomb Hamiltonian. To generate initial estimates for radial orbitals, we used a Thomas Fermi potential. The optimizations were carried out layer by layer to obtain the orbitals requested in next CI calculation. In this scheme, rst we optimized the orbitals with n ≤ 3 in the reference CSFs. Then we optimized the orbitals for n = 4 layer and kept the n ≤ 3 orbitals xed.
With this scheme we optimized n = 5. The optimization is on the (2J + 1) weighted average of all ne structure levels belonging to an LS term and the driven to convergence with the self-consistency criteria set to 10 −8 . In all our calculations we used the method of block structuring of the Hamiltonian. The advantage of this block mode is that it results in a considerable reduction in the memory requirement when dealing with atomic states of dierent total angular momentum and parity. Each block corresponds to a given J and parity and hence it is possible to specify the required eigenstates that are to be obtained for the specic block rather than the whole Hamiltonian matrix. We nally converted the block mode into non-block mode while calculating the transition rates.
Once the RCI energies and wave functions were obtained, the mixing coecient was transformed from the block format to non-block format. Then the initial and nal orbital sets were transformed to become bi--orthonormal and the oscillator strengths, line strengths, transition probabilities were calculated.
Results and discussion
The EOL scheme used in this work includes several levels in the energy functional that takes into account the weights for the levels under consideration. Using jj coupled states as basis states, the DiracFock calculations were rst performed for the reference congurations 1s2s l 2p m and 1s 2 2s l 2p m−1 . Then the correlation eects were included by continuing the calculations for a series of expansions generated mainly by single and double (SD) electron replacements from the conguration of interest (reference conguration) to an active set of orbitals with the same LS symmetry. The virtual set was varied in a systematic way by increasing the principal quantum number n by one without imposing restrictions on the orbital quantum number. Earlier calculations [22] indicate that the set that could be handled without any diculty was up to n = 4. Also, for congurations with more than four electrons, the number of CSFs generated was very large for double excitation and we could not carry out our RCI calculations due to storage limitations. However, to illustrate the convergence of energy eigenvalues for dierent active sets, we carried out MCDF calculations on the 1s2p and 1s 2 congurations of chlorine by considering all the virtual shells up to n = 8. When n = 8, the number of CSFs generated for single excitation was 122, while for double excitation the number up to 1424.
Single and double excitations for some specic states of initial and nal congurations were given in Table I . Our calculations showed that the dierence in the energy values obtained with single and double excitations were negligible, and we can also get it from Ref. [23] . In that paper, the author reported that the number of CSFs for double excitation increases many-fold with the increase in the size of the active set, which gives rise to software problems. To keep the CSFs at a manageable level and consider the size of the numerical calculations involved in this work we restricted to single excitation only. Also to keep CSFs, the principal number n was limited in whole calculation (n ≤ 6). In order to validate the present model and make sure that the calculations based on the present model are accurate, a comparison of transition line strengths of He--like chlorine ions is given in Table II . The transition rates are, in general, calculated in length and velocity gauge. We monitored the length and velocity forms of the MCDF and RCI line strengths for orbital sets of increasing size, denoted by n. In Table II , we present two selected transitions. As can be seen from this, the agreement of the two gauges is very good and the near equal values of the length and velocity of the transitions give an additional check on the accuracy of our results. The agreement of the two gauges improves with increasing n. At the same time, we can nd that the length forms for transitions are usually considered to be more stable because they probe the wave function in a similar region as does the optimization procedure on the total energy of c Ref. [25] ; d Ref. [26] ; e Ref. [27] the atoms or ions [2426] . For this reason, we use length gauge in our present work. In order to check the reliability of our calculation, our calculated values for transitions from He-like and Li-like chlorine is compared with the states calculated using GRASP 2 [27] with the other theoretical and experimental data [28, 29] . The present wavelengths are in good agreement with the experimental values. However, a more detailed comparison of the calculated and experimental wavelengths for these transitions (Table III) indicates that the transition wavelengths given by our GRASPVU calculations are in better agreement with the experimental wavelengths than our GRASP 2 results. The maximum dierence between the results of experimental and our GRASPVU transition wavelengths is 0.071%, but the maximum dierence for our GRASP 2 and the experimental is 0.401%. For the method of GRASP 2 , the computations were done with the extended average level (EAL) option. Rather than optimizing one orbital at a time as in GRASPVU, all the orbitals which are included are optimized simultaneously on the average energy of all the congurations according to some weighting scheme in our case we simply used the option which weights each level equally. Zero-order Coulomb eigenvectors and energy levels are calculated rst by the code. The full transverse Breit interaction is added to the Hamiltonian and a further diagonalization in the congurations basis yields Breit-corrected eigenvectors and energy levels.
Lastly, QED energy corrections were estimated and added. There are two major components in the QED correction. The dominant one is the self-energy. The leading term of a less-dominant QED correction is the vacuum polarization.
The contributions from Breit interaction, and QED to the weighted sum of conguration-average energy levels of K α initial and nal congurations from Cl(VIII) to Cl(XVI) are displayed in Figs. 1 and 2 , respectively. It can be seen from the gures that the Breit interaction and self-energy are dominant and self-energy occupies a large weight in QED corrections. With increasing number of electrons, the Breit energy increases as is evident from the gures, whereas self-energy changes slightly and vacuum polarization is nearly constant. From the two gures, we can predict that the Breit interaction will increase with the decrease in ionization, especially in neutral atoms. This can be explained as follows: compared with highly ionized ions, in lowly ionized atoms and neutral atoms the nuclear charge Z is nearly equal to the number of electrons, the repulsive force between electrons and nucleus electrostatic attraction becomes larger, which means the electron correlation becomes important. Four transitions for Li-like Cl calculated by Safronova and Safronova [30] were listed in Table III . Their results are only about 0.0007 Å higher than ours. Compared to experimental results, the maximum between ours and experimental results is 0.0032 Å. We think the present calculation is reliable, because of the experimental uncertainty (0.005 Å). The experimental transitions for ( 3 S) 2 P − 2 S 1/2 and ( 1 S) 2 P − 2 S 1/2 were blended [29] , which need to be checked in future experiments.
Based on the model above, the K α X-ray wavelengths, transition probability, line strengths in length gauge, and the ratios of velocity to length rates (A v /A l ) from He-like chlorine through Ne-like chlorine are listed in Table IV. Though it is not possible to assess the accuracy of the complete set of data reported in this work, the good agreement between our values (listed in Table III) for He--like and Li-like chlorine and earlier theoretical [30] and experimental data [28, 29] can be taken as a measure of accuracy of our calculations.
Conclusion
Motivated by the need for accurate transition data in a variety of scientic applications, the EOL version of MCDF method is used to calculate the transition wavelengths, absorption oscillator strengths, and transition probability of the K α X-ray from Cl(VIII) through Cl(XVI). At the same time, we can nd that the length value is more stable in that it changes less as the active space extending. In this paper we give accurate transition properties from Cl(VIII) through Cl(XVI). These data provide reference value for level lifetime, charge state distribution, and average charge of chlorine plasma.
